We provide estimators for each instance and show that they are empirically normally plates methods), or of false negatives (between-plates methods). Furthermore, our study provides experimental design guidance by i) showing that 1 3 9
between-plate variation largely dominates within-plate variation, implying that it is 1 4 0 important to seed the same biosamples in multiple plates, and ii) providing estimates in the statistical language R is provided at github.com/gagneurlab/OCR-Stats. from healthy donors (normal human dermal fibroblasts -NHDF, Methods, Table S1 ). These were assayed in 126 plates, all using the same protocol (Methods). Also, 26 1 5 0 cell lines were grown independently and measured in multiple plates. We will refer to 1 5 1 these growth replicates as different biosamples. The NHDF cell line was seeded in all 1 5 2 plates for assessment of potential systematic plate biases. The corners of each plate Behavior of OCR expressed in pmol/min (y-axis) of Fibro_VY_017 over time (x-axis). First, outlier data points occurred frequently. We distinguished two different types of 1 7 5 outliers: entire series for a well (e.g., well G5 in Fig. 2A ) and individual data points 1 7 6 (e.g., well B6 at time point 6 in Fig. 2A ). In the latter case, eliminating the entire two possibilities must be devised.
Second, we noticed a proportional dependence of OCR value and variance between 1 8 1 replicates ( Fig. 2B ), suggesting that the error is multiplicative. Unequal variance, or all time points, Fig. 2A ). Variations in: cell number, initial conditions, treatment 1 9 0 concentrations, or fluorophore sleeve calibration can lead to systematic differences 1 9 1 between wells, which we refer to as well biases. To investigate whether well biases 1 9 2 could be corrected using cell number to a large extend as in (26), we counted the 1 9 3 number of cells after the experiments using Cyquant (Methods). As expected, However, the relation is not perfect reflecting important additional sources of by cell count led to a higher coefficient of variation (standard deviation divided by the 1 9 9 mean) between replicate wells than without that correction ( Fig. S1B ). This analysis 2 0 0
showed that normalization for cell number by division by raw cell counts is insufficient 2 0 1 and motivated us to derive another method to capture well biases. Finally, we found 2 0 2 that sex does not significantly associate with OCR levels (Fig. S2 ), in agreement with 2 0 3 (34). Building on these insights, we next introduced a statistical model for OCR within well w at time point t as a sum of well biases, interval effects and noise, i.e.,:
β w is the relative bias of well 2 0 9 w compared to a reference well, and ߝ ௪ , ௧
is the error.
We defined the OCR levels ߠ as the expected log OCR per interval, averaged over 2 1 1 all wells:
where n is the number of wells. Note that the well bias is modeled independently for each plate, i.e., the bias of a 2 1 4 certain well in one plate is different from the bias of the well at the same location in 2 1 5 another plate.
1 6
We present now the OCR-Stats algorithm. For a given plate: 1. Fit the log linear model (1) using the least-squares method, which consists in
, thus obtaining the coefficients
Compute ߠ using (2). 2. For each time point t in interval i and well w, define the OCR residual:
, which is used to identify outliers (Methods, Fig. S3 ). 3. Identify and remove well level outliers, fit again, iteratively, until no more are 2 2 3 found ( Fig. S3A-B ). (Tables 1 and 2) .
OCR ratios Metrics
ETC-dependent OC proportion ܱ ‫ܥ‬ ܴ ଵ െ ܱ ‫ܥ‬ ܴ ସ ܱ ‫ܥ‬ ܴ ଵ ൌ 1 െ e x p ሺ ߠ ா െ ߠ ூ ሻ ATPase-dependent OC proportion ܱ ‫ܥ‬ ܴ ଵ െ ܱ ‫ܥ‬ ܴ ଶ ܱ ‫ܥ‬ ܴ ଵ ൌ 1 െ e x p ሺ ߠ െ ߠ ூ ሻ ETC-dependent proportion of ATPase-independent OC ܱ ‫ܥ‬ ܴ ଶ െ ܱ ‫ܥ‬ ܴ ସ ܱ ‫ܥ‬ ܴ ଶ ൌ 1 െ e x p ሺ ߠ ா െ ߠ ሻ Maximal OC fold change ܱ ‫ܥ‬ ܴ ଷ ܱ ‫ܥ‬ ܴ ଵ ൌ e x p ሺ ߠ ெ െ ߠ ூ ሻ Maximal over ETC-independent OC fold change ܱ ‫ܥ‬ ܴ ଷ ܱ ‫ܥ‬ ܴ ସ ൌ e x p ሺ ߠ ெ െ ߠ ா ሻ 2 3 0
Variations within plates
2 3 1
We were then interested in determining the amplitude of the OCR variation between of the logarithm of OCR across all wells for each plate j and interval i.
Then, we computed the median across plates, thus obtaining one value In order to compare bioenergetics measures of two biosamples, we first need to 2 7 4 evaluate the suitability of testing using differences versus testing using ratios of the 2 7 5
OCR levels in the natural scale. As there is a remaining cell number effect after 2 7 6 correcting for well biases (Fig. 3C ), we recommend testing using ratios of OCR levels 2 7 7 (or differences in the logarithmic scale) (Table 3 ). In order to benchmark the OCR-Stats algorithm, we computed the coefficient of the natural scale of all repeated biosamples across plates for the following methods: plate effect (OCR-PE) using (4) (Methods).
9 4
Each step contributed to decreasing the coefficient of variation, obtaining a final 2 9 5 significant reduction of 36% and 32% in basal and maximal respiration, respectively, Wilcoxon test) (Fig. 5 ). Wilcoxon test. of all the 26 cell lines that were seeded in more than one plate (Methods). For every 3 0 9 approach, we computed p-values for significant fold changes against the controls. Six 3 1 0 of these cell lines come from patients with rare variants in genes associated with an 3 1 1 established cellular respiratory defect, allowing for assessing the sensitivity of each 3 1 2 approach (Table S3 , (35-39)). Additionally, two cell lines (#73901 and #91410) that showed no significant respiratory defects in earlier studies (40,41) served as negative 3 1 4 controls. The within-plate ED method reported significantly higher or lower MR for 56 out of 69 3 1 6 (81.2%) biosamples with respect to the control (Fig. 4A , Table S3 ). Moreover, all 26 3 1 7 cell lines had one or more significant biosamples on every plate, and 11 cell lines had 3 1 8 one or more not significant sample (Fig. 4A) . These ambiguous results show the 3 1 9
importance of testing using multiple plates and advocate for a more robust approach 3 2 0 than within-plate ED. biosamples with significantly lower M/Ei fold change using the OCR-Stats method. One approach to evaluate samples seeded in multiple plates is to perform a Wilcoxon test on the ED values averaged per plate (across-plate ED, Methods). However, this requires at least five plate replicates in order to obtain significant OCR-Stats was much more conservative than within-plate ED and found only 7 out of Table S3 ). Moreover, OCR-3 3 9
Stats did not report significant M/Ei differences for the two negative controls. There Mitochondrial studies using extracellular fluxes, specifically the XF Analyzer from 3 4 7
Seahorse, are gaining popularity; therefore, it is of paramount importance to have a 3 4 8
proper statistical method to estimate the OCR levels from the raw data. Here, we 3 4 9
have developed such a model, the OCR-Stats algorithm, which includes approaches 3 5 0
to control for well and plate biases, and automatic outlier identification. By doing so, 3 5 1
we were able to significantly reduce the coefficient of variation of replicates across 3 5 2
plates. Additionally, after analyzing the intra-plate variation, we suggest that the 3 5 3 minimum number of wells replicates per biosample in a 96 well-plate should be 12.
3 5 4
We found that dividing cellular OCR by cell number was introducing more noise than was seen for uncorrected data. Here, we seeded always the same number of cells. Hence, the variations across wells that we observed in cell number at the end of the approach is to divide OCR by mitochondrial proteins or enzyme concentration (42).
3 6 3
However, as described here for cellular assays, robust normalization procedures 3 6 4 require careful analysis.
6 5
We showed that there is roughly multiplicative bias between plates that can be should be done using ratios rather than differences, as this eliminates sources of testing, and showed that the results agree with previous results of patients diagnosed to wrong conclusions (Fig. 4A) . Also note that a contaminated sample can increase 3 7 8 the variability, affecting the significance of other samples. Therefore, it is important to 3 7 9 detect them and discard them from further analysis. performed here should be done beforehand in order to guarantee that the method is (outliers, multiplicative) is similar than for OCR. We seeded 20,000 fibroblasts cells in each well of a XF 96-well cell culture 3 9 3 microplate in 80 ml of culture media, and incubated overnight at 37°C in 5% CO 2 .
3 9 4
The four corners were left only with medium for background correction. Culture 3 9 5 medium is replaced with 180 ml of bicarbonate-free DMEM and cells are incubated at 3 9 6
37°C for 30 min before measurement. Oxygen consumption rates (OCR) were 3 9 7 measured using a XF96 Extracellular Flux Analyzer (21). OCR was determined at for which the median OCR level did not follow the expected order, namely, 4 0 3 median(OCR(Int 3 )) > median(OCR(Int 1 )) > median(OCR(Int 2 )) > median(OCR(Int 4 )), 4 0 4
were discarded (977 wells, 10.47%). It is important to notice that other cell lines, or treatments, so they should not be discarded. We also excluded from the analysis a robust estimation of the standard deviation (Fig. S3A ). We found that deviations by of all the wells were found to be outliers (Fig. S3B) . of single points were found to be outliers (Fig. S3D ). To evaluate the OCR ratios between a sample f and a control, both located on a 4 5 7
plate p, we use the corresponding tested difference d (Table 3) . We define ߤ , , , we can obtain a t-statistic:
, where d 0 = 0 as that is the value that we want to and se is the standard error. The t-statistic follows a t-distribution Complementation of mitochondrial electron transport chain by manipulation of 
